Nitric oxide (NO) serves many vasoprotective roles, but the massive release of NO causes arterial wall degeneration. We investigated whether enhanced nitric oxide synthase (iNOS) expression in peripheral blood leukocytes and circulating endothelial cells mirrors the progression of coronary arterial lesions in 55 children with acute Kawasaki disease (KD), including 24 with and 31 without coronary artery lesions (CAL). Patients were treated with i.v. gamma-globulin at the time of diagnosis and blood samples were collected before and after treatment. The cellular origin of NO synthesis was determined by flow cytometric analysis of iNOS expression in peripheral blood, and by immunohistochemical analysis of circulating endothelial cells and coronary arteries. iNOS expression in neutrophils peaked at the time of diagnosis, but did not peak in monocytes until 2 wk post onset of disease. Levels were significantly higher in both cell types in patients with CAL (p ϭ 0.001 and p ϭ 0.035, respectively). In addition, the number of circulating endothelial cells and levels of iNOS expression were higher in patients with CAL (p ϭ 0.011 and p ϭ 0.012, respectively). Immunohistochemical analysis of the coronary arteries from three patients with acute KD revealed iNOS immunoreactivity in endothelial cells, as well as infiltrating monocytes/macrophages in the aneurysms. We conclude that the expression of iNOS in peripheral blood leukocytes, as well as circulating endothelial cells, correlates with the severity of coronary arterial wall injury and the progression of CAL in patients with acute KD. (Pediatr Res 55: 688-694, 2004) Abbreviations KD, Kawasaki disease CAL, coronary artery lesions VEGF, vascular endothelial growth factor NO, nitric oxide eNOS, endothelial nitric oxide synthase iNOS, inducible nitric oxide synthase IVGG, i.v. gamma-globulin DMFI, differences of the mean fluorescence intensity KD is an acute systemic vasculitis syndrome primarily affecting small and medium-sized arteries, with the development of severe CAL occurring in 10 -15% of affected children (1) (2) (3) . Although KD is the primary cause of acquired heart disease in children in Japan and the United States, the etiology and mechanisms of CAL development remain unclear. Histopathologic studies have shown that early coronary vascular lesions of KD are characterized by infiltration of large numbers of mononuclear cells, such as monocytes/macrophages and lymphocytes, suggesting these cells play a key role in the progression of CAL (4 -7) . Supporting this hypothesis, we have previously reported that VEGF derived from peripheral blood mononuclear cells might contribute to vascular injury and remodeling in acute KD (8) . In vitro studies have shown that VEGF increases NO release in human endothelial cells (9) and modulates microvascular permeability via a signaling cascade involving NO synthesis in coronary venules (10) .
NO, which is synthesized by two isoforms of nitric oxide synthase termed endothelial (eNOS) and inducible (iNOS), plays diverse roles in the physiology and pathophysiology of the cardiovascular system (11) (12) (13) . NO is a signaling molecule in blood vessels, where the release of NO from endothelial cells, synthesized by eNOS, acts on the underlying smooth muscle to maintain vasodilation. After arterial injury, NO serves a number of vasoprotective roles, including inhibition of platelet aggregation and leukocyte adherence, and vascular smooth muscle cell proliferation. In contrast, the release of large amounts of NO, primarily synthesized by iNOS in macrophages, neutrophils, endothelial cells, and smooth muscle cells, from the cardiovascular wall in response to inflammatory stimuli causes arterial wall degeneration and shock (14, 15) . A recent study elucidated that NO synthesis is a key requirement for cerebral aneurysm formation, which can be prevented by inhibition of iNOS (16) .
Therefore, we hypothesized that leukocytes, as well as endothelial cells, actively generate NO by expression of iNOS, and that enhanced iNOS expression in peripheral blood leukocytes and circulating endothelial cells might correlate with the development of CAL during acute KD. To investigate this hypothesis, we determined the cellular origin of NO by flow cytometric analysis of iNOS expression in peripheral blood leukocytes and by immunohistochemical analysis of circulating endothelial cells and coronary arteries.
METHODS
Study population and blood samples. Fifty-five patients (26 males and 29 females), aged 4 mo to 7 y 3 mo (2.4 Ϯ 1.7 y), with acute KD were enrolled between October 1999 and September 2001. The patients were further classified as those with (n ϭ 24) or without CAL (n ϭ 31) ( Table 1) . Fifteen normal controls were also enrolled. The patients and controls were seen at the university hospital or at one of nine affiliated hospitals. All KD patients fulfilled the diagnostic criteria established by the KD research committee (17) and were treated with IVGG at 400 mg/kg for 5 d as well as oral aspirin (30 mg/kg/d). Two-dimensional echocardiography was performed before and after treatment with IVGG and at 2, 3, and 4 wk after the onset of KD. The time of disease onset was defined as the day on which fever developed. A coronary artery with a diameter of 3 mm or more (4 mm if the subject was over the age of 5 y) by echocardiogram was defined as abnormal according to the diagnostic criteria of the Research Committee on KD (17) . Parental informed consent was obtained for each child enrolled in this study. The Research Ethics Committee of Toyama Medical and Pharmaceutical University Hospital approved the study.
Blood samples were collected at the time of diagnosis before the initiation of IVGG treatment, immediately after the first IVGG injection, and then at 2, 3, and 4 wk after disease onset. Fresh heparinized venous blood was used for flow cytometric analysis and quantitative studies of endothelial cells, and samples collected between October 1998 and September 2000. Blood samples were collected from healthy controls on a single occasion during the same period.
In addition, specimens of coronary arteries were obtained from three patients who died of acute fatal KD (Table 2) and from a trauma victim control who had no evidence of cardiovascular disease.
Flow cytometric assay of iNOS expression. Neutrophils and mononuclear cells were isolated from heparinized venous blood by dextran sedimentation and Ficoll-Hypaque gradient centrifugation, as previously described (18) . Two-color immunofluorescence analysis of iNOS expression in mononuclear cell subpopulations was performed as previously described (18) . In brief, to discriminate between monocytes and lymphocytes, mononuclear cells were stained with phycoerythrin (PE)-labeled CD14 MoAb (IgG2a; DAKO Japan, Kyoto, Japan). iNOS expression was determined by staining with FITClabeled iNOS MoAb (Transduction Laboratories, Lexington, KY, U.S.A.). The stained cells were analyzed using a Cytoron Absolute flow cytometer (Ortho-Clinical Diagnostics, Tokyo, Japan). To quantify the data, the DMFI was defined as "differences of the mean fluorescence intensity" between a control antibody and the anti-iNOS antibody.
Quantitation of circulating endothelial cells. Circulating endothelial cells were quantitated by immunohistochemical staining of "buffy-coat" smears, as described by Solovey et al. (19) . In brief, the "buffy-coat" layer, supernatant, and interface of heparinized venous blood separated by dextran sedimentation and Ficoll-Hypaque gradient centrifugation, as described above, were pooled and centrifuged for 5 min at 1200 ϫ g. After the removal of supernatant, the resulting "buffy-coat" pellet was resuspended in RPMI 1640 and transferred to six slides such that each slide would contain cells from the equivalent of 1 mL of whole blood. Smears were air-dried overnight and then fixed with 4% paraformaldehyde for 20 min. To identify circulating endothelial cells, the cells were stained with the mouse anti-endothelial cell MAb, P1H12 (diluted to 2 g/mL; Chemicon International, Temecula, CA, U.S.A.) (19) . The cells were stained with a rabbit polyclonal antibody against mouse iNOS (diluted 1:50; Upstate Biotechnology, Lake Placid, NY, U.S.A.) and a mouse MAb against human eNOS (diluted 1:10; Transduction Laboratories) to identify whether circulating endothelial cells express iNOS and eNOS in acute KD. The other antibodies we used were APAAP Immunohistochemistry in coronary artery in acute KD. The specimens of coronary artery were fixed in formalin, dehydrated, embedded in paraffin blocks, cut into 4-m sections, and mounted on slides. The sections were incubated with 0.3% hydrogen peroxide to abolish endogenous peroxidase activity, and then incubated with 5% BSA in Tris-HCl buffer (pH 7.4) to block nonspecific immunohistochemical reactions. The sections were incubated overnight at 4°C with antibodies against iNOS (diluted 1: 500; Affinity Bioreagents, Golden, CO, U.S.A.), eNOS (diluted 1:100: Transduction Laboratories) (16) , and CD68 (diluted 1:100: DAKO Japan). After washing, the sections stained with the anti-iNOS antibody were incubated with goat anti-rabbit immunoglobulin conjugated to peroxidase labeled-dextran polymer (EnVisionϩ, peroxidase, rabbit: DAKO, Carpinteria, CA, U.S.A.) for 30 min. The sections stained with anti-eNOS and anti-CD68 antibodies were incubated with rabbit anti-mouse immunoglobulin conjugated to peroxidase labeled-dextran polymer (EnVisionϩ, peroxidase, mouse: DAKO) for 30 min. After washing, the peroxidase activity was detected with 0.02% 3,3'-diaminobenzidine tetrahydrochloride containing 0.005% hydrogen peroxidase in 0.05 M Tris-HCL buffer (pH 7.4). The slides were counterstained with hematoxylin and eosin (H&E) and mounted.
Statistics. Results were expressed as mean Ϯ SD. Analysis of the differences between groups of patients was accomplished using ANOVA followed by Dunnett's multiple comparison. The difference was considered significant with a p value Ͻ 0.05. Table 1 shows the clinical characteristics of the 55 acute KD patients enrolled, comparing patients with CAL and those without. All patients were diagnosed and began treatment between 4 and 7 d after disease onset. Patients with CAL had significantly higher maximum concentrations of C-reactive protein and longer durations of fever than those without CAL. There were no significant differences between groups with respect to age and the maximum number of white blood cells (WBC). Maximal WBC counts were observed before IVGG treatment and approximately 70% of the WBC were neutrophils in both groups. The diameter of the coronary arteries in KD patients with CAL was observed to be maximal at 10 -16 d (mean, 13.9 Ϯ 1.1 d) after onset. Four of the 24 patients with CAL developed coronary aneurysms, which were verified by selective coronary angiography in the convalescent phase. (Fig. 1) . Neutrophils strongly expressed iNOS during the early stage of acute KD, and levels were significantly higher at the time of diagnosis than in controls (DMFI, 0.86 Ϯ 1.1 versus 0.15 Ϯ 0.23, p ϭ 0.023) but were normal at later time points. In contrast, iNOS expression in monocytes peaked at 2 wk after disease onset with expression continuing even at the 4-wk evaluation. iNOS expression in monocytes was significantly higher in the KD patients than in controls at 2 wk (DMFI, 0.87 Ϯ 0.35 versus 0.16 Ϯ 0.26, p ϭ 0.022), but was normal at the time of diagnosis. Lymphocytes expressed low levels iNOS throughout the clinical course of acute KD (data not shown). Table 3 shows a comparison of iNOS expression in neutrophils and monocytes in patients with and without CAL. In patients with CAL, iNOS expression in neutrophils was significantly higher only before treatment with IVGG (p ϭ 0.011), and rapidly declined after treatment in most patients, irrespective of the presence of CAL (Table 3) . However, the patients with CAL had higher monocyte-specific iNOS expression at 2 wk after onset (p ϭ 0.035) ( Table 3) , at the time that lesions were maximal.
RESULTS

Patient characteristics and clinical laboratory data.
Quantitation of circulating endothelial cells. Blood from controls contained a very small number of circulating endothelial cells, whereas blood from acute KD patients had significantly elevated numbers of circulating endothelial cells at the time of diagnosis (Fig. 2) . The number of circulating endothelial cells continued to increase, even after IVGG administration, and peaked at 2 wk (40.0 Ϯ 31.5 cells/mL versus 1.0 Ϯ 1.7 cells/mL, p Ͻ 0.0001) ( Table 4 ). There were significantly more circulating endothelial cells in patients with CAL than those without CAL at both 2 and 3 wk after onset (p ϭ 0.0119 and p ϭ 0.0151, respectively), but the number of cells peaked in both groups at 2 wk. Most endothelial cells were positive for iNOS, but negative for eNOS (Fig. 2) and the number of iNOS-positive cells mirrored the number of endothelial cells (Table 4) . Although we did not perform double staining with P1H12 and iNOS, the morphology of iNOS positive endothelial cells was consistent with previously reported characteristics of circulating endothelial cells (19) .
Immunohistochemical findings in coronary artery in acute KD. In coronary artery specimens from each of the three patients with coronary aneurysms and sudden death (Table 2) , severe panvasculitis with marked intimal thickening and destruction of the internal elastic lamina was observed. In these coronary arteries, endothelial cells were positive for iNOS rather than for eNOS. Massive infiltration of monocytes/ macrophages was noted in the intima and adventitia, and the majority of these cells demonstrated expression of iNOS. Furthermore, in dilated coronary artery with severe tissue damage and marked intimal thickening, most of the endothelial cells had dislodged from the arterial wall. In arterioles, the intima and adventitia were edematous and were infiltrated chiefly by iNOS positive monocytes/macrophages (Fig. 3) . In coronary artery specimens from a normal control, eNOS expression was seen in endothelial cells, but iNOS expression was not seen in any cells (data not shown).
DISCUSSION
In acute KD, various cytokines are released by activated monocytes/macrophages, including tumor necrosis factor-␣, IL-1, monocyte chemoattractant protein-1 (20) , and VEGF (7). All these cytokines potentially induce iNOS expression in a wide variety of cells, including leukocytes, endothelial cells, and vascular smooth muscle cells (21) . Our flow cytometric analysis clearly demonstrates that neutrophils, monocytes, and endothelial cells express iNOS at different stages in acute KD, suggesting their different roles in the development of CAL.
iNOS expression in neutrophils and tissue damage. iNOS expression in neutrophils was maximal and restricted to the very early stage of acute KD, especially in patients with CAL. This suggests that NO, synthesized by iNOS in neutrophils, may have a role in triggering the early tissue damage of CAL development in acute KD. iNOS expression results in the release of much more NO than eNOS expression in endothelial cells, and at high concentrations, NO is cytotoxic. Therefore, NO synthesized by iNOS may contribute to tissue damage and the early degenerative changes in the coronary artery wall (13, 14) . In the very early stage of acute KD, WBC counts, and particularly neutrophils, increase markedly (Table 1) . Although we could not demonstrate the infiltration of neutrophils in the coronary artery wall, a previous pathologic study confirmed (6) . Recently, treatment with a neutrophil-elastase inhibitor, ulinastatin, was reported to be a potential adjunct to ␥-globulin therapy in acute KD (22) . iNOS expression in neutrophils may reflect their activation and enhanced function in the early phase of acute KD, as reported previously (23) . These support the hypothesis that neutrophils contribute to NO production by enhanced iNOS expression in response to acute inflammatory stimuli and play an early restricted role in tissue damage in the coronary artery wall, without having a direct effect on the progression of CAL in acute KD.
iNOS expression in coronary artery wall and circulating endothelial cells. Histopathological findings in acute KD show widespread vascular endothelial edema and necrosis, and leukocyte infiltration, involving coronary and other medium-sized muscular arteries, even in children without aneurysms detectable by echocardiography (4 -6).
In normal vascular walls, eNOS is constitutively expressed by endothelial cells whereas iNOS is not (13) . In the normal vascular wall, eNOS-derived NO works as a negative regulator in vascular remodeling in response to various stimuli, preventing leukocyte adhesion, platelet aggregation, and migration and proliferation of smooth muscle cells (24) . In our study, iNOS was detected in the damaged coronary artery wall, whereas eNOS was not, suggesting up-regulation of iNOS expression and down-regulation of eNOS expression in the endothelial cells within KD-associated lesions. Furthermore, endothelial cells had dislodged from the coronary artery walls, showing marked intimal thickening and severe tissue damage (Fig. 3) . Our findings suggest that endothelial damage and downregulation of the eNOS/NO pathway promote abnormal remodeling and facilitate pathologic changes in vessel wall morphology in acute KD.
During disease progression, the number of circulating endothelial cells and iNOS expression in these cells increased, particularly in patients with lesions, potentially correlating with the severity of tissue damage in the coronary artery wall. Increased numbers of circulating endothelial cells might be due to the physiologic displacement of cells from vessel walls by endothelial injury or to the expression of molecules such as thrombin that can cause the release of endothelial cells from the extracellular matrix. An earlier study also reported increased numbers of circulating activated endothelial cells in patients with sickle cell anemia, particularly at the onset of crisis (19) . Circulating endothelial cells in acute KD tend to have an activated phenotype, as evidenced by enhanced expression of iNOS, and truly represent in situ endothelial cells. Increased levels of various cytokines including tumor necrosis factor-␣ and IL-1, activation of the coagulation system, abnormal adhesion of leukocytes to endothelium, and disturbances of vasoregulation are common findings in acute KD. All these factors affect the endothelial phenotype and may contribute to the development of CAL by modulating the expression of various hemostatic and adhesion molecules on endothelial cells. Although a pathophysiological role of iNOS immunoreactivity in circulating endothelial cells and in the endothelium of the coronary artery wall is still unclear, endothelium expressing iNOS in response to cytokines and anti-endothelial cell antibodies may interact with leukocytes and play a crucial role in the progression of CAL in acute KD. The origin of iNOS circulating endothelial cells may be vascular wall or bone marrow. One limitation of this study is that we were unable to directly show that the increased number of circulating endothelial cells and expression of iNOS correlates with changes in the coronary arteries of these patients.
iNOS expression in monocytes/macrophages. We found an increased level of iNOS expression in patients with CAL, particularly in activated monocytes, at the time of CAL development. We also demonstrated massive infiltration of iNOSpositive monocytes/macrophages in the coronary artery wall in acute KD. It has been reported that the activation of monocytes/macrophages plays a central role in the development of vasculitis in acute KD (20) . A previous histopathologic study demonstrated the infiltration of large numbers of mononuclear cells, such as lymphocytes and macrophages, into the vascular tissues of KD, implying that monocytes are recruited from the circulation in response to chemotactic stimuli (25) . We have shown previously, using flow cytometric analysis, that VEGF expression in monocytes is maximal at 2 wk post disease onset and is particularly high in patients with CAL (7). It is notable that the coronary artery lesions also develop at about 2 wk after onset. We did not stain for VEGF in these patients, but recent studies demonstrated expression of VEGF by macrophages in (10) . Study limitations. We could not provide immunohistochemistry of either uninvolved blood vessels from patients with KD and CAL or from patients with KD without CAL. Therefore, it is difficult to state whether the presence of iNOS protein is a cause or an effect of KD. NO has been shown to be beneficial in the setting of advanced atherosclerosis in transplant vasculopathy suggesting a cytoprotective role for iNOS (27) . Further, Ozaki et al. (28) have recently shown that overexpression of eNOS accelerates atherosclerotic lesion formation in apoEdeficient mice. Both eNOS and iNOS have beneficial and also deteriorative characteristics in the vasculature. The environment in which NO is produced determines whether it is cytotoxic or cytoprotective. Expression of iNOS was demonstrated in coronary artery lesions even in the late phase of KD (A. Suzuki, personal communication), suggesting its role in active remodeling of damaged coronary artery. The potential functions of iNOS expression in KD remain unclear and may have both causative and protective roles in the vasculature at the different stages of KD.
CONCLUSION
The findings of our study suggest that NO is generated by neutrophils, monocytes, and endothelial cells dynamically at different stages of acute KD, and correlates with the development of coronary artery lesions. Increased numbers of iNOSpositive circulating endothelial cells and enhanced iNOS expression in peripheral blood leukocytes appear to correlate with the severity of tissue damage in coronary artery wall in acute KD. Table  2 ). (A) An H&E-stained section of the left anterior descending artery. Aneurysm formation with mural thrombosis is present and, in the wall of the aneurysm, severe panvasculitis with marked intimal thickening can be seen. (magnification ϫ15) (B) An H&E-stained section of coronary arterial branch revealing vasculitis. Thickening of intima and disruption of the internal elastic lamina can be seen, with massive infiltration, chiefly by mononuclear cells and fibroblasts, in the intima and adventitia sparing the media (magnification ϫ150; arrowheads: intima; arrows: disruption of the internal elastic lamina). 
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